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Abstract

Numerous large river basins of the world have few and irregular observations of the components
of the terrestrial hydrological cycle with the exception of stream gauges at a few locations and at
the outlet along with sparsely distributed rain gauges. Using observations from satellite sensors and
output from global land surface models, it is possible to study these under-observed river basins.
With populations greater than a billion people, some of these rivers (e.g., the Ganga-Brahmaputra,
the Yangtze, the Nile and the Mekong) are the economic engines of the countries they transect, yet
thorough assessment of their flow dynamics and variability in regard to water resource management
is still lacking. In this paper, we use soil moisture (0-2m) and surface runoff from the NASA Global
Land Data Assimilation System (GLDAS), evapotranspiration, and Normalized Difference
Vegetation Index (NDVI) from the Moderate Resolution Imaging Spectroradiometer (MODIS) and
rainfall from the Tropical Rainfall Measuring Mission (TRMM) and total water storage anomaly
from the Gravity Recovery and Climate Experiment (GRACE) to examine variability of individual
water balance components. To this end, understanding the inter-annual and intra-seasonal
variability and the spatial variability of the water balance components in the major river basins of

the world will help to plan for improved management of water resources for the future.
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1.0 Introduction

The water availability per capita in many locations of the world is constantly decreasing. One
explanation is the increasing proportion of global population relative to the available water in many
parts of the world. The global population has increased from 2 billion in 1950 to a current
population of 7.4 billion - for essentially the same water availability, the global per capita water
availability has an inverse relationship, decreasing by a factor greater than 3 during this period.
However, there are two reasons that this conclusion is not global. Firstly, the distribution of
population increase is not uniform - for example: urban growth is significantly different in areas in
Asia and Africa as compared to Europe and Australia and secondly, in many regions of the world,
the groundwater is a predominant source of water and is being exploited and it has only recently
become obvious that withdrawal rates from these aquifers are unsustainable. For example,
groundwater in the High Plains of the United States and in Northern India are over utilized.

The United Nations World Water Development Report 2016 points out that three out of
four jobs globally are dependent on water (UN Water, 2016). There are numerous areas such as
agriculture, power production, industrial applications, fishing and health, which involve water -
illustrating the societal dependence on water.

Numerous studies have pointed out the impacts of climate change and/or population growth
on water resources (Arnell, 1999, Alcamo et al. 2007, Kundzewicz, Z.W., et al 2007, Oki and
Kanae, 2006, Piao et al. 2010, Ragab and Prudhomme, 2002, Vorosmarty et al. 2000). Other studies
have addressed more specific changes such as groundwater recharge under various climate change
scenarios (Herrera-Pantoja and Hiscock, 2008, Scanlon et al. 2006, Taylor et al. 2013). One
common conclusion from all these studies is that the amount of water available is decreasing with
both climate change and increasing population.

The major river basins of the world play a big role in supporting over 70% of the global

population. Many of these hydrological studies are specific to a river basin but there are a few
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comparative studies across river basins (Aerts et al. 2006, Dai et al. 2009, Nijssen et al. 2001, Oki
and Kanae, 2006, Vorosmarty et al. 2000). In their study of global rivers using various climate
models under different scenarios of climate change Nijssen et al. 2001 found that the largest
changes were observed in the spring time period that corresponds to the snowmelt. Aerts et al. 2006
found that the future discharges in some of the major river basins could increase by 6-16% due to
changes in climate. The analysis of the annual stream flows for the 200 largest rivers of the world
from 1948-2004 showed that more rivers exhibited decreasing trends than increasing trends (Dai
et al. 2009). Vorosmarty et al. 2000 and Oki and Kanae 2006 both showed that the water scarcity
index showed higher values in Western United States, Northern Africa, South Asia and the Middle
East regions and that the population living in the area of high water stress and relative demand for
water would increase with the changes in climate.

Observations of the water cycle using in-situ sensors are very difficult due to two reasons.
Firstly, the water cycle is highly heterogeneous in space and varies temporally at short time scales.
Maintenance and operation of a high-density in-situ network (for example rain gauges) is very
expensive. Secondly, obtaining data from river basins in countries other than United States is at
times very difficult since many countries may not freely distribute or share data. Given these
reasons, satellite remote sensing observations and hydrological model outputs are an attractive
solution that can overcome spatial heterogeneity and temporal consistency issues. In addition, the
quasi-global coverage provided by satellite observations combined with open data policies can help
avoid the issues related to data access and continuity.

The motivation of this study is two-fold. Firstly, the lack of in-situ water data from most of
the large river basins of the world implies that we can only use the readily available satellite data
sets and global land model outputs. Secondly, most of the studies that involved these major river
basins were published at least a decade or so ago and current up to-date studies do not exist. We
currently have about 15 years of data from satellite sensors that can bridge this gap. In this work,

we mostly use satellite data from NASA satellite sensors as they have long data records (over 10
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years in all cases) and are freely and publicly available. The model outputs also come from a NASA
model system, the Global Land Data Assimilation System, which is also publicly available.

Here, we use publicly available data sets to construct the water balance of eleven large
continental scale river basins of the world. We analyze each of the components of the water budget
(precipitation, evapotranspiration runoff and total water) for seasonality and study the spatial and
temporal correlations between components. In this way, we envisage that this study will help water
resource managers with future planning of water resources and land use in these highly important
and widely utilized river basins.

This paper is organized as follows — section 2 describes the data sets — satellite and model
derived for the variables in the hydrological cycle; section 3 highlights the results for the
hydrological cycle for the major river basins using the data described in section 2 and identify key
processes in time and space. Finally, section 4 delves into the conclusions and discussions of this

work.

2.0 Data

All the data sets used in this study are the monthly averaged or cumulative (precipitation) values
and at their inherent spatial resolution. All of the data sources are listed in Table 1. Time series are
calculated from the spatial average within the respective basins; no attempt has been made to re-

grid the data to a common spatial resolution in the figures, tables and analyses in this paper.

2.1TRMM (Tropical Rainfall Measuring Mission)

TRMM was launched in 1997 (Kummerow et al. 1998, 2000) and ended its mission in 2015.
The most widely used satellite precipitation data are the TMPA (TRMM Multi-satellite
Precipitation Analysis) 3B42 v.7 precipitation dataset that are obtained combining TRMM

precipitation radar (PR), passive microwave (PMW), and infrared (IR) estimates at a three
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hourly interval and 0.25° spatial resolution in the 50°S-50°N area. (Bolvin and Huffman,
2015). The TMPA rainfall is widely applied in different branches of the earth sciences,
especially in data-sparse regions (e.g Awadallah and Awadallah, 2013, Khanetal. 2011, Asante
etal. 2008, Bindlishetal., 2003). Details on the data product can be found in Huffman et al., 2007,

2010.

2.2MODIS (Moderate Resolution Imaging Spectroradiometer)

Normalized Difference Vegetation Index (NDVI) and evapotranspiration (ET) are available
from the Moderate Resolution Imaging Spectroradiometer (MODIS). The MODIS sensor is
onboard both the Terra and Aqua satellite platforms, which were launched on December 1999 and
on May 2002, respectively, in a sun-synchronous polar orbit, with estimated equatorial crossing
times of 10:30am (Terra) and at 1:30pm (Aqua). MODIS provides 44 global data products for land,
ocean, and atmospheric variables. Details of the MODIS land data are available at the MODIS
website (http://modis.gsfc.nasa.gov), and the products used in this study, NDVI and
Evapotranspiration are available as MOD13C2 and MOD16 respectively from the Land Processes

Distributed Active Archive Center website (http://Ipdaac.usgs.gov) and the Numerical

Terradynamic Simulation Group at the University of Montana

(http://www.ntsg.umt.edu/project/mod16). The algorithms to derive these products are well

established and extensively evaluated: NDVI (Rouse Jr. et al 1973, Tucker, 1979; Myneni et al.,
1995) and evapotranspiration (Mu et al. 2007, 2011). The monthly composite global products are
available from LPDAAC on a 5.6km global Climate Modeling Grid (CMG), although local-tiled
versions are available from some products at higher spatial resolutions, for example NDVI at a 1Lkm
resolution, not used in this study. The MODIS ET product is based on the Penman-Monteith method
(Mu et al. 2011). There have been numerous validations of MODIS Evapotranspiration estimates

in many regions of the world. Kim et al. 2012 have carried out validation of the MODIS ET
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products over different land cover and climate in Asia and found that it resembled closely to the

ET measured from flux towers in Australia (Cleugh et al. 2007) and Pan-Arctic (Mu et al. 2009).

2.3 GRACE (Gravity Recovery and Climate Experiment)

The U.S./German Gravity Recovery and Climate Experiment (GRACE) satellite mission
was launched in 2002 to provide estimates of changes in total terrestrial water storage (represented
as the sum of groundwater, soil moisture, snow, and surface waters) at large spatial scales and on
a monthly basis (Tapley et al., 2004). While this mission provided monthly TWS estimates through
Jan 2017, the GRACE Follow-On mission is expected to support future research using this data
variable. Members of our team have developed and applied an approach for assimilating
observations of soil moisture and terrestrial water storage from satellite-based sensors including
GRACE into a land surface models, which have been shown to produce estimates of variations in
the components of terrestrial water storage that are both accurate and as high resolution as the
model grid (Bolten et al., 2010; Bolten et al., 2012; Gupta et al., 2015). The GRACE assimilation
approach has been used to provide enhanced estimates of hydrological monitoring and groundwater
storage by constraining terrestrial water balance (Zaitchik et al. 2008, Forman et al. 2012, Houborg
etal. 2012, Li et al. 2012, Eicker et al. 2014). By including monthly observations of the terrestrial
water storage in our land surface modeling scheme, it is possible to more accurately monitor
regional hydrological states and fluxes, and thus calculate with more certainty the anomalies of
these states and fluxes for enhanced monitoring of hydrological and agricultural drought. GRACE
has been instrumental in numerous water balance studies pointing to declines in the water storages
specifically the decline in groundwater in many parts of the world (Rodell et al. 2004, 2007, 2009;
Tiwari et al. 2009; Landerer and Swenson, 2012), but studies cannot be conducted at smaller scales

due to the coarse resolution of the sensor (Alley and Konikow, 2015; Lakshmi, 2016).

2.4GLDAS (Global Land Data Assimilation System)
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The Global Land Data Assimilation System (GLDAS) provides high resolution maps of land
surface states and fluxes by forcing modern, offline land surface models (e.g., NOAH: Ek. et al.
2003) with high quality observational data (Mitchell et al., 2004). The forcing data (Cosgrove at
al., 2003; Luo et al. 2003) and outputs have been extensively validated (Lohmann et al., 2004;
Robock et al., 2003; Schaake et al., 2004). The outputs are available at a 1/8° spatial resolution and
hourly time step for the North American (NLDAS) version not used in this study, and at a 1/4°
spatial resolution and 3-hourly time step for GLDAS. The data for both N/G-LDAS are available
at monthly timescales which will be used here. The LDAS data sets are described in detail at
http://Idas.gsfc.nasa.gov/ and http://disc.sci.gsfc.nasa.gov/hydrology/. We use the root zone soil

moisture (0-2m) and runoff from the improved GLDAS version 2 product in this study.

2.5 Major River basins of the world

The major river basins of the world are shown in Figure 1. These basins were extracted from
the Food and Agriculture Organization of the United Nations Major Hydrological Basins shapefile,
derived from the USGS HydroSHEDS and HYDRO1k elevation products (FAO-UN, 2015).
Previous studies about the basins as well as climate, area, latitudinal location, annual average
precipitation and air temperature are listed in Table 2. This table enables us to understand on a
comparative basis, the physical and climatological differences between the large river basins
distributed between all continents. These basins were chosen for this study because of they
represent a diverse climatology such as tropical, humid, semi-arid, arid and marine and the fact that
the hydrology and availability of water in these basins is an issue for millions of its inhabitants for
agriculture, hydropower, transportation and domestic and industrial uses. The annual average
precipitation ranges from a low of 160mm in the Colorado River basin to a high of 2,110mm for
the Ganga-Brahmaputra River basin. The average annual air temperature varies between 284K in
the Danube River basin to 300K in the Nile River basin. There is also a large variability in the size

- the smallest basin — California basin (California is the integrated basin for Sacramento, San
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Joaquin River, Tulare Lake, , San Francisco Bay, part of North and South Coast, North and South
Lahontan and the Colorado River) (400,000 km?) to the largest — the Amazon River basin
(5,000,000 km?). Such diversity in location and climate result in a different distribution of
precipitation into evapotranspiration, infiltration/recharge, runoff and soil moisture. The previous
studies for each basin focus on the variability of these hydrological components and some of these

have already been referenced in the introduction section.

3.0 Application of the Remotely Sensed and Modeled Data to Estimate Water Storage
3.1 Validation of the Precipitation, Evapotranspiration, and Runoff Data

Before and after the launch of earth observing satellites, studies are conducted to ensure the
quality of the observations, often consisting of field studies and comparison with in-situ
measurements, as well as comparisons with other remotely sensed products and modeled outputs.
The TRMM retrieved precipitation, MODIS derived evapotranspiration and the GLDAS modeled
runoff have been independently validated (as shown in Table 3) and can be used as proxies for
direct, ground measurements. To demonstrate their local efficacy, we compare the satellite-based
data sets with point-based in-situ measurements and assess the correlations by latitude, showing
spatial variations of ground data in Figure 2. In the analysis, three data sets (i.e. precipitation, runoff
and ET) were used: the Global Historical Climatology Network (GCHN) was compared with
TRMM precipitation, runoff data from the Global Runoff Data Centre (GRDC) was compared with
GLDAS NOAH runoff, and FluxNet station data were converted into ET using the Penman-
Monteith equation to compare with MODIS ET (Lawrimore et al 2011; GRDC 2017; FluxNet
2015; Zotarelli et al 2010). Each of the data sources available had data that were outside of the
temporal study domain, and therefore some stations could not be included in the comparison. Of
the 72,882 total precipitation stations available from GCHN, only 11,286 stations had at least ten
years of data within 1998-2015 to match the TRMM data; of the 9,236 discharge stations available

from GRDC, only 3,540 stations could be used; finally, there are approximately 166 FluxNet
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stations available globally, but only 36 stations could be compared with the MODIS
Evapotranspiration. Figure 2 demonstrates how well the satellite measurements compare with
traditional ground measurements. TRMM provides precipitation data from 50°N-50°S. The areas
outside this range are masked out. The satellite direct and indirect observations closely align with
measurements from ground stations, the modeled runoff data suffers drawbacks due to large grid
sizes and largely ignore water management practices. In spite of these drawbacks, modeled runoff

data are used in this analysis to leverage their global coverage and temporal continuity.

3.2 Hydrological balance
We carried out a basin averaged water balance and compared it to the GRACE water

equivalent thickness anomaly

P—ET—R=AS (1)

Where precipitation P, evapotranspiration ET, runoff R, and change in surface and subsurface water
storage AS are monthly and basin averaged values for each of the basins. Quantities enhanced or
reduced due to water withdrawals (due to irrigation, domestic and industrial uses) are not explicitly
included on either side of this equation, as there was not a globally consistent method of estimation
for them. All the variables on the left-hand side of equation (1) can be estimated using either
satellite (P, ET) or model (R) data sets. The total change in water storage/total water on the right-
hand side of the equation (AS) can be estimated by GRACE observations. The difference between
P-ET-R and AS would represent the amount of withdrawal of groundwater in the basin. There does
not exist any database for estimation of W and the value of W differs between basins — in regions
of sufficient water supply there is not much water withdrawal. As W is seldom measured and is
much smaller compared to AS, we have not included it in equation 1. We provide a discussion of

this in section 4.

10
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Figure 3a, b represents spatial average monthly P-ET-R and the GRACE water equivalent
thickness anomalies, as water storage anomalies (for GRACE the anomalies were calculated with
the 2004-2010 baseline, for all other variable, the anomalies were calculated for the length of record
2001-2015), for all the river basins studied in this paper in time series and scatter plots. There are
two common features in all these basin trends. Firstly, there is a marked seasonal variability of both
P-ET-R and the total water for most of the river basins but there are a few exceptions. For example,
the Congo, the Colorado and the Murray-Darling River basins do not show the seasonal signal for
P-ET-R and GRACE water equivalent thickness as compared to the Amazon or the Ganga-
Brahmaputra River basin. The time period of the lag varies between one to 3 months and is
dependent on the size and climate of the basin and the transport and storage of water. The magnitude
of the P-ET-R is strongly dependent on the climate and ecosystem and this magnitude is much
larger for the Amazon and the Mekong River basins as compared to the Colorado, the Murray-
Darling and the Danube River basins. Direct comparison of the magnitudes of P-ET-R and the
GRACE water equivalent thickness anomaly (as total water) is not possible as the former is a direct
measure and the latter is an anomaly. However, the temporal variability (changes between month
to month) between P-ET-R and the GRACE water equivalent thickness anomaly is justified as they
both reflect the increase or decrease in the storage. A positive P-ET-R corresponds to a positive
value of the GRACE water equivalent thickness anomaly and vice-versa. Examination of the
correlation statistics in Table 4 (all values are significant at p value of 0.05) shows that the high
correlation between P-ET-R and total water is seen for the tropical watersheds of the Amazon, the
Ganga-Brahmaputra, and the Mekong River basins of 0.8 or higher and a lag of 1 month. The next
group is the urban California and the Danube River basins at 0.7 or higher with 0 lags. The other
basins have lower R? and the time lag corresponding to the maximum R? at 3 months in the case of

the Colorado.

3.3 Co-variability of hydrological cycle components

11
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Five variables are derived from three different sources: precipitation from TRMM, total water
from GRACE, evapotranspiration, and NDVI from MODIS and runoff and soil moisture from
GLDAS. The spatial resolution for precipitation (TRMM), runoff (GLDAS) and soil moisture (0-
2m, GLDAS) is 0.25° ET, and NDVI (MODIS) is 0.05° and that of total water (GRACE) is 1°.
Figures 4 and 5 represent the monthly time series of the water balance components for the Mekong
and the Murray Darling River Basins respectively. These include, monthly anomaly time series for
(2) precipitation (b) runoff (c) soil moisture (d) ET and (e) total water as GRACE water equivalent
thickness anomaly. The anomalies for precipitation, ET, runoff and soil moisture are calculated
using January 2001 to December 2014 period as a baseline. The figures highlight the seasonal and
annual variability of the hydrological cycle between January 2001 and December 2014 (the total
water time series starts in April 2002 corresponding to the GRACE launch). Also indicated in these
figures are the high negative and positive anomalies that correspond to dry (drought) and wet
(flood) conditions in the basin. Examination of these time series shows that the co-variability of
these four components of the hydrological cycle follows the water balance. We chose for the
Mekong River Basin (Figure 4) and the Murray Darling River Basin (Figure 5) dry and wet months
based on low and high GRACE water equivalent thickness anomaly. If we examine Figure 4(a)-(e)
we observe that one of the periods of lowest precipitation in the Mekong River Basin corresponds
to January 2005 with a precipitation anomaly of -0.5mm corresponding to a Omm and -7.5mm for
the runoff anomaly and ET anomaly respectively in March 2005 (lags rainfall by 2 months) and -
3.5mm for soil moisture and -100mm for the total water in May 2005. The other extreme
corresponds to the extremely wet month of September 2011 with a positive anomaly for rainfall of
+100mm and a corresponding positive anomaly of runoff of +5mm, soil moisture of 5mm and
(lagged by one month — October 2011), total water anomaly of +100mm (November 2011, lag of
two months) and the ET shows generally positive anomalies a few months later starting in
December 2011 for a period of over 12 months. The correspondence of the rainfall to runoff, soil

moisture and total water is well displayed in this figure. The same findings hold for the Murray

12
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Darling River Basin — the dry and wet periods are related between all of the variables displayed in
Figure 5. The dry period of low rainfall (-75mm) and runoff (Omm) in August 2009 corresponds to
low soil moisture (-3mm), ET (-10mm) and low total water (-50mm) in November 2009; the wet
period with above normal rainfall (+70mm) corresponds to December 2010 and positive runoff
(+2mm) and soil moisture (+15mm) in February 2011 and high total water (+100mm) in March
2011. The ET shows a high positive anomaly of +25mm for December 2010 and remains positive
for several months. In Figure 4a we observe that the precipitation has a negative anomaly
throughout the Mekong River Basin for January 2005 and as a result both the soil moisture and
runoff two months later (March 2005) show negative anomalies and the total water in May 2005
shows negative anomalies ranging from -100mm to -500mm throughout the catchment. The same
is true for the spatial distribution of the positive anomalies for precipitation extends to soil moisture,
runoff, ET and total water that has a positive anomaly ranging from 200mm to 500mm in the
southern part of the Mekong River Basin. Similar spatial patterns are seen for the Murray Darling
River Basin.

On examination of the total water for the Murray Darling Basin (Figure 5e), it is seen that it
shifts from mostly negative to positive values at the beginning of 2010. This is expected, as the
rainfall (Figure 5a) exhibits high values positive anomalies in six months of 2010 (+60mm) as well
as in January and February 2012. These high positive anomalies in rainfall during 2010 (coupled
with lower values of ET) keep the water balance positive in the basin.

One of the most important observations that can be seen from Figures 4(a)-(e) and 5(a)-(e) in
the spatial maps of the catchment for the hydrological cycle variables is the sharp contrast between
the dry and the wet periods. The spatial pattern of the variables for the wet month are dominated
by positive rainfall, soil moisture, runoff, ET and total water anomalies and vice-versa for the dry
months.

34 Spatial variability

13
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Examination of the spatial variability of the hydrological cycle variables in two river basins —
the Amazon and the Colorado (Figure 6) yields interesting and contrasting results.

Figure 6 displays the monthly spatial standard deviation of precipitation (TRMM), runoff
(GLDAYS), ET (MODIS), soil moisture (GLDAS) and total water anomaly (GRACE) (all in mm).
The differences between the Amazon and the Colorado with respect to spatial variability are very
apparent. To begin with, the spatial variability of the precipitation in the Colorado River basin
varies between 0 and 30mm whereas for the Amazon River basin the range is between 60 and
180mm. This spatial variability in precipitation translates to a larger spatial variability in runoff for
the Amazon River basin (2-30mm) as compared to the Colorado River basin (0-10mm). The
standard deviation of the precipitation for the Amazon River basin generally shows a minimum in
months of August and September (around 60mm) a maximum in the month of May (between 150-
180mm). The spatial variability of runoff for the Amazon River basin is lowest in July and August
(standard deviation of around 5mm) and highest in January-March (20-30mm). The spatial
variability of evapotranspiration shows a distinctive seasonal signature for both the Amazon and
the Colorado River basins. For the Amazon, there is a variation between a minimum in the month
of February of 15mm and a maximum in the months of August and September of around 35mm.
In the case of the Colorado River basin the minimum spatial variability is in the winter months
(December to February) of 5mm and a maximum during the summer months of June and July of
20mm. It can be noticed that in the case of the Amazon River basin the maximum standard deviation
for runoff corresponds to the minimum standard deviation for ET. The spatial variability for soil
moisture for both the Amazon and the Colorado River basins does not show any seasonal variability
with the spatial standard deviation for the Amazon River basin being higher (between 13 and 22m)
as compared to the Colorado River basin (between 6 and 12mm). The variability of total water for
the Amazon River basin shows a very large range (between 100mm and 400mm) as compared to

the Colorado River basin (between 0 and 80mm).

14
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Examination of the spatial variability of precipitation, NDVI and ET in January 2005 and
June 2005 for the Colorado River Basin and January 2005 and August 2005 for the Amazon River
Basin shows remarkable differences between the two basins (Figure 7 and 8 respectively). Whereas
most of the Colorado River basin has little or no vegetation in January 2005 (NDVI around 0.15
and only a small region in the southern part with any vegetation), the Amazon River basin shows
larger extent of greenness (large region NDVI around 0.7). There is a large spatial variability in ET
for the Amazon River basin between 0 and 150mm and much lower range for the Colorado River
basin (between 10 to 40mm). The difference in ET in August 2005 for the Amazon River basin
between the south and the north is evident from the very low ET in the southern part of the basin
(0-20mm) contrasting with the high ET (120-150mm) in the northern part of the basin. In the
Amazon River basin, this is strongly related to the higher amount of vegetation and the rainfall in
the north (NDVI 0.7 to 0.9 in the north and 0.5 to 0.8 in the south; rainfall of 150-250mm in the
north and 0-75mm in the southern part of the basin). This is in stark contrast to the spatial pattern
of ET for the Amazon River basin which is much more uniform across the region as also reflected
in rainfall and vegetation. The large difference in ET in June 2005 in the Colorado River basin
between the northeast and the south is also seen (Figure 7) and it varies between 0 and 80mm across
the basin and is strongly related to the variation of NDVI (0.15-0.75) with higher NDVI in the
northeast (0.70) and much lower in the south (0.15) and rainfall is much higher in the northeast

(60mm) and much lower in the south (less than 10mm).

35 Temporal variability: Anomaly index analysis

The data analyzed in this paper spans over 15 years and 11 river basins of the world. Whereas
each of these river basins has been studied in considerable detail in many past studies (Table 2), a
comprehensive comparison has never been undertaken. In considering locations with differing
annual rainfall, temperature and land cover direct comparisons will not yield quantitative results

due to obvious differences between basins. For example, there is always greater rainfall and runoff

15
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in the Amazon River basin as compared to the Murray Darling River basin. In order to overcome
this problem, we have constructed the anomaly index defined as the monthly anomaly divided by
the monthly climatology. As the anomaly index normalizes the monthly anomaly by dividing by
the monthly climatology, the regions with anomaly index would measure the variability of the
monthly anomaly as a fraction of the monthly climatology value. For example, when we compare
the Amazon with high monthly rainfall to the Murray Darling basin with much lower rainfall using
the precipitation anomaly index, we are only comparing the fraction of variability. The minimum
and maximum monthly anomaly index values are presented in Table 5.

Figure 9 shows the comparison of precipitation using the anomaly index for the Amazon River
basin and the Murray-Darling basin. Whereas the index values in the Amazon River basin range
from -0.4 to 0.61, the index values for the Murray-Darling basin varies between -0.95 and 1.73
(Table 5). The temporal variability of this index for the Amazon is 0.11 and for the Murray-Darling
is 0.52. Both these statistics show that the variability of the monthly rainfall as a ratio of the monthly
rainfall climatology is much higher in the Murray-Darling basin and is subject to greater extremes
in precipitation. These are periods when the rainfall is below normal (negative precipitation
anomaly index), which is seen between 2001 and 2009 and this period corresponds to a severe
drought in the region. We observe a period of high monthly precipitation (compared to the
climatology) for 2010 and 2012 and November 2010 corresponds to a large-scale flood in this
region. In the case of the Amazon River basin there is very little deviation of the precipitation
anomaly index from zero (zero indicates no departure from the monthly climatology) and hence
the river basin is not subject to extremes. A few other river basins with large negative precipitation
anomaly index (and hence subject to droughts) are the California, the Colorado, the Danube, and
the Ganga-Brahmaputra River Basins. The monthly anomaly indices between different variables
capture the connection between the land surface variables. The variability in vegetation index is
connected to the variability of the evapotranspiration. The Amazon River basin shows a low range

of NDVI (-0.04 to 0.08) and a corresponding low range for ET (-0.17 to -0.29). However, the
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Murray-Darling basin shows a much larger range for NDVI variation (-0.23 to 0.38) and a
corresponding higher range for ET (-0.63 to 1.7). This is shown in Figure 9 and Table 5. Table 5
shows the minimum and maximum monthly values for the anomaly index. The temporal standard
deviation for monthly NDVI anomaly index is 0.02and 0.12 and monthly ET anomaly index is 0.04
and 0.29 for the Amazon River basin and the Murray-Darling basin respectively. Larger variability
in precipitation translates to greater variability in NDVI and ET for the Murray-Darling basin as

compared to the Amazon River basin.

4.0 Conclusions and Discussion

We have examined the water balance components for eleven global river basins using
publicly available monthly satellite data and model output products for a period of 15 years between
2001 and 2015. The water balance components of the hydrological cycle include precipitation, ET,
soil moisture, runoff, and total water. The river basins are located in contrasting climate,
topography and ecosystems across the globe in all continents (with the exception of Antarctica).
In comparing the output of P-ET-R to the changes associated with the total water (from GRACE)
we observe a distinct seasonal cycle with a maximum lag of a few months between the two
guantities (P-ET-R and AS). The correlation between P-ET-R and total water change shows a large
variability among basins with the highest being the Amazon River basin at R of 0.9 and lowest at
R? of ~0.35 for the Colorado River and the Murray-Darling River basins. The differences between
the basins may stem from the human engineering of the water systems in the basin; the Amazon
River basin has been subject to much less human intervention compared to the Colorado and the
Murray-Darling River basins. Another factor in this difference is the storage and melting of snow
in some basins. We compared a month of wet with a dry month for the Mekong River and the
Murray Darling River basin. On comparison of precipitation, runoff, soil moisture, ET and total
water we find a consistency in the hydrological cycle with respect to the water balance; i.e. we find

for wet/flood periods — a large positive anomaly of precipitation from TRMM corresponding to
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positive anomalies of ET from MODIS, runoff and soil moisture from GLDAS and total water from
GRACE and vice-versa for negative anomaly or dry/drought conditions. Finally, we compute the
anomaly index and compare these variables across river basins. The precipitation anomaly index
for the Amazon River basin has a much lower variability compared to the Murray Darling River
basin. The anomaly indices of the other hydrological variables are also compared with each other
and across basins and this leads to very consistent relationship.

Equation 1 in section 3.2 has an implicit withdrawal term which presents us with a
problem. Whereas in principle, Equations 1 and 2 should be balanced if all the individual
variables are perfect maintaining a water balance, this is not the case as seen in the results in
Figures 3(a)-(k). We therefore conclude that the problem in this balance equation is the fact that
the individual variables are not perfect and compounding the fact is that the withdrawal terms on
both sides of the equation are seldom known. The dynamics of withdrawal is very complicated.
Withdrawal due to irrigation can either (a) leave the watershed as evapotranspiration or runoff
and this is accounted for in the equation, (b) infiltrate into the soil and recharge the groundwater,
or (c) leave the system through domestic water withdrawal and subsequent transport elsewhere.
Each of these has to be treated separately and one treatment would not address all physical
mechanisms. Therefore, we have removed the withdrawal term in Equation 1 as we have realized
that the accuracies of the individual terms in equation (1) probably account for withdrawal.
However, a much more involved analysis needs to be undertaken and this would need to be done
at (a) the whole river basin scale and (b) sub-basins to determine the actual dynamics. We hope
that this will be the subject of further studies.

In this paper, we utilize monthly data from satellites and models over a 15-year period for
analysis. This study is unique as it is (a) multi-year period using a combination of publicly available
satellite data and model output (b) comparison of river basins across the globe located in a range
of climate, topography and ecosystems. Though the data come from different sources, they display

the required relationship with each other to complete a hydrological balance. In addition, the
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hydrological variables display very interesting spatial and temporal patterns that are consistent with
hydrological extremes of floods and droughts. In the future, such studies will be very important to
determine availability of water resources under the growing pressures of an ever-increasing
population. Studies like this present work when carried out at higher spatial resolution will aid and
assist local agencies for improved land use and water use management. Understanding variability
of the different components of the water budgets for the past 20 years will help in the planning for
the net 20 years.

In many countries of the world where these major river basins are located, the rivers are
the economic engine of the communities — agriculture, industry, transportation, power production
and water supply and predicting the water resources, including their inter-annual and inter-seasonal
variability, is essential to assessing water availability and is useful for planning in case of extreme
hydrological events of floods and droughts. Observations of water in many developing countries
of the world are constrained by lack of adequate gauge stations. Many agencies that collect the
streamflow or precipitation data internationally are not likely to share this data with others due to
national security policies of their respective governments, which makes comprehensive analysis
using these data sets very difficult. Satellite remote sensing and use of global land model data sets
can help in this regard. This study showed several examples of how satellite remote sensing can be
used over large areas and long-time periods to identify spatial and temporal variation, as well as
how to estimate total water fluctuations using a simple water balance model, and how to compare
hydrologic phenomena across hydrologic regions. However, we stress two important points in this
regard. One - there is no substitute for in-situ observations of precipitation, evapotranspiration and
stream flow especially for small catchments to perform water balance as well as test theories and
equations that can be used for larger spatial scales. Two — validation studies are usually carried out
at smaller scales (catchments on the order of a few 1000 km?) and for the large catchments such as
those in this present study, there are really no distributed validation studies. For these reasons, we

rely on the use of standard validated data sets. Future studies seek to develop models to complete
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488  these analyses at even finer spatial resolution which will serve the international community at more
489  local scales.
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Tables
Variable Sensor Spatial Period Notes
Resolution
Precipitation TRMM 0.25° 1998-2015 Huffman et al. 2010
Vegetation MODIS 0.05° 2000-present | Justice et al. 1998,
2002-present | 2002
Evapotranspiration MODIS 0.05° 2000-present  Mu et al. 2007
2002-present
| Total Water | GRACE | 1.00° | 2002-present | Tapley etal. 2004 |
Soil Moisture GLDAS 0.25° 1979-present  Mitchell et al. 2004
| Runoff | GLDAS | 0.25° | 1979-present | Mitchell et al. 2004 |

Table 1 List of hydrological variables and their sources used in this study

30



892

893
Basin Name  Previous studies Total Area  Latitude of  Average Average air
(km?) Centroid annual temperature
Climate rainfall (K/C)
(mm)
Amazon Nijssen et al. 2001 5,084,460 6.6°S 1800 297124
Syed et al. 2005 Tropical
Marengo 2005 Wet
California Dettinger et al. 2004 415,254 37.5°N 470 289/16
Yates et al. 2009 Arid
Colorado Christensen et al. 2004 635,686 36.7°N 160 287/14
Christensen et al. 2007 Semi-Arid
Barnett et al. 2004
Congo Aerts et al. 2006 3,064,930 2.5°S 1600 298/25
Leeetal. 2011 Tropical
Tshimanga et al. 2012 Dry
Danube Klein et al. 2012 816,351 46.4°N 728 284/11
Stagl et al. 2015 Marine
Szepszo et al. 2014
Ganga- Roy et al. 2015 1,525,340 26.9°N 2110 296/23
Brahmaputra  Nepal et al. 2015 Tropical
Singh et al. 2006 Monsoon
Mekong Kite, 2001 728,447 18.5°N 1275 298/25
Frappart et al. 2006 Tropical
Kingston et al. 2011
Mississippi Dai et al. 2009 3,245,240 40.6°N 765 286/13
Rodell et al. 2007 Humid
Jha et al. 2006 Rainy
Murray- Donohue et al. 2011 925,029 31.7°S 350 290/17
Darling Potter et al. 2010 Semi-arid
Pittock et al. 2011
Nile Conway 1997 2,593,050 11.9°N 337 300/27
Yates et al. 1998 Arid
Elsahmy et al. 2009
Yangtze Guo et al. 2002 1,691,060 30.2°N 1073 289/16
Xuetal. 2011 Tropical
Xu et al. 2008 Dry
894

895  Table 2 River basins chosen for this study, previous water balance studies and their
896  characteristics. The source for the precipitation and temperature is the Global Historical
897  Climatology Network.

898
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899

Kummerow et al 1998
Huffman et al 2007
Wolff et al 2005
Amitai et al 2002
ngg’:m;xﬁg,\, Liao et al 2009
Kummerow et al 2000
Nicholson et al 2003
Adler et al 2000
Gebremichael et al 2004
Mu et al 2007
Velpuri et al 2013
MODIS Kimet al 2012
EVAPOTRANSPIRATION Mu et al 2011
Tang et al 2011
Gemitizi et al 2017
Rodell et al 2004
GLDAS NOAH RUNOFF Zaichik et al 2010
Syed et al 2008

900
901  Table 3 List of previous validation studies for Evapotranspiration, Precipitation, and Runoff
902
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903
904
905
906
907
908

Lag Avg. Avg. Avg. Avg

. , .
Basin R (months) P ET SM Runoff
Amazon 0.81 0 190.42 108.22 62.24  60.65
California 0.56 0 43.37 27.47 4059 461
Colorado 0.12 -3 24.54 16.11 35.56 0.6
Congo 0.34 0 124.61 77.89 5244  20.99
Danube 0.52 0 77.26 45.15 5352  11.69
Ganga 0.66 0 112.6 49.99 56 33.17
Brahmaputra
Mekong 0.74 1 135.46 86.71 53.88  22.72
Mississippi 0.17 0 71.7 42.43 44.02 7.19
Murray 0.13 0 40.31 23.07 35.25 0.9
Darling
Nile 0.37 0 54.79 38.29 45.79 5.42
Yangtze 0.36 1 86.92 57.26 67.22 | 22.72

Table 4 Maximum Correlation between monthly P-ET-R and the GRACE Water Equivalent
Thickness Anomaly and the corresponding lag (for the maximum correlation), and the average
values for precipitation, evapotranspiration, soil moisture and runoff in mm. All of the R? values
are significant at the p=0.05 level.
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909

Basin

Amazon
California
Colorado
Congo

Danube

Ganga
Brahmaputra

Mekong
Mississippi

Murray
Darling

Nile

Yangtze
910

R2

0.81

0.56

0.12

0.34

0.52

0.66

0.74

0.17

0.13

0.37

0.36

Lag
(months)

0

0

Avg.
P

190.42
43.37
24.54

124.61

77.26

112.6

135.46

71.7

40.31

54.79

86.92

Avg.
ET

108.22
27.47
16.11
77.89

45.15

49.99

86.71

42.43

23.07

38.29

57.26

Avg.
SM

62.24
40.59
35.56
52.44

53.52

56

53.88

44.02

35.25

45.79

67.22

Avg.
Runoff

60.65
4.61
0.6
20.99

11.69
33.17

22.72

7.19
0.9

5.42

22.72

911  Table 4 Maximum Correlation between monthly P-ET-R and the GRACE Water Equivalent
912  Thickness Anomaly and the corresponding lag (for the maximum correlation), and the average
913  values for precipitation, evapotranspiration, soil moisture and runoff in mm. All of the R? values
914  are significant at the p=0.05 level.

915
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916
917

Amazon

California

Colorado

Congo

Danube

Ganga
Brahmaputra

Mekong

Muississippi

Murray
Darling

Nile

Yangtze

918
919
920
921
922
923

Precipitation

-0.4/0.61
/0

-0.92/3.47
/-0.06

-0.93/2.18
/-0.03

-0.46/ 1.58
/0

-0.94/1.15
/0.01

-0.83/ 2.27
/0

-0.84/ 2.06
/-0.02

-0.58/0.82
/-0.01

-0.95/1.73
/-0.06

-0.76/ 4.73
/-0.04

-0.61/0.95
/-0.01

NDVI

-0.04 /0.08
/0

-0.17/0.22
/0

-0.25/0.3
/0

-0.05/0.05
/0

-0.58/0.44
/0

-0.13/0.22
/0

-0.09/0.09
/0

-0.27/0.27
/0

-0.23/0.38
/-0.01

-0.07/0.1
/0

-0.16/0.1
/0

LST

0/0
/0

-0.02/0.02
/0

-0.02/0.02
/0

0/0
/0

-0.03/0.02
/0

-0.01/0.01
/0

-0.01/0.01
/0

-0.02/0.02
/0

-0.03/0.02
/0

-0.01/0.01
/0

-0.01/0.01
/0

35

ET

-0.17/0.29
/0

-0.34/0.47
/0

-0.42/0.76
/0

-0.38/0.86
/0

-0.24/0.2
/0

-0.44/0.72
/0

-0.19/0.21
/0

-0.3/0.25
/0

-0.63/1.7
/0

-0.62/2.23
/0.01

-0.12/0.12
/0

Runoff

-0.66/2.6
/-0.1

-0.86/2.33
/0.01

-0.78/2.72
/-0.08

-0.85/3.22
/-0.15

-0.78/1.85
/-0.03

-0.56/1.44
/-0.05

-0.83/9.2
1-0.26

-0.76/1.52
1-0.02

-0.83/3.04
/-0.05

-0.63/5.44
/-0.21

-0.61/2.91
/-0.12

Soil
Moisture

-0.39/0.23
/1-0.3

-0.37/0.24
/-0.02

-0.38/0.18
/-0.03

-0.41/0.27
/-0.03

-0.44/0.24
/-0.2

-0.41/0.15
/-0.03

-0.42/0.68
/-0.04

-0.46/0.15
/-0.03

-0.41/0.43
/-0.03

-0.37/0.34
/-0.04

-0.36/0.17
/-0.03

Table 5 Range of anomaly index (min/max/mean) for hydrological variables for major global
river basins. These correspond to basin averaged monthly values. The reported values are

maximum, minimum and mean anomaly index. The anomaly index (dimensionless) is defined as
the monthly anomaly divided by the monthly climatology

Total
Water

-28/30.4
/0

-17.8/19.5
/-1.51

-8.9/7.4
/-0.96

10.5/13.6
/-0.81

16.7/17.5
/-0.03

-20.8/27
/-1.51

28.3/36.5
/0.98

12.7/12.3
/0.02

-5.5/17.1
/13.23

-7.9/9.3
10.22

-9.2/13.3
/0.41
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930

1. Amazon 4. Congo

7. Mekong 10. Nile

2. California 5. Danube 8. Mississippi 11. Yangtze
3. Colorado 6. Ganga- Brahmaputra 9. Murray- Darling
Figure 1 Map showing the major global river basins studied in this paper. Basin shapes are

extracted from the Food and Agricultural Organization of the United Nations (FAO-UN), Major

Hydrological Basins shapefile.
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Figure 2 Ground Station Data is correlated with Satellite and Modeled parameters from
TRMM Precipitation, MODIS Evapotranspiration, and GLDAS-NOAH Runoff, the correlation
values are plotted by latitude to demonstrate the variation in satellite performance and the
availability of in-situ measurements in the northern and southern hemispheres. The high latitude
regions are greyed where satellite and model data is not produced.
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947  Figure 3a Precipitation-ET—Runoff (P-ET-R) and GRACE water equivalent thickness
948  anomalies (Water Storage) for the major river basins of the world (a) Amazon (b) California (c)
949  Colorado (d) Congo (e) Danube (f) Ganga-Brahmaputra (g) Mekong (h) Mississippi (i) Murray-
950  Darling (j) Nile (k) Yangtze River basins.
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955  Figure 3b Scatterplots of the Precipitation-ET—Runoff (P-ET-R) compared with GRACE

956  Water Storage Anomalies for (a) Amazon (b) California (c) Colorado (d) Congo (e) Danube (f)
957  Ganga-Brahmaputra (g) Mekong (h) Mississippi (i) Murray-Darling (j) Nile (k) Yangtze River
958  basins.

43



959

960
TRMM Precipitation Anomaly
Dry: January 2005 Wet: September 2011
100 ' |
50 99 99
0 b5
-50
-100 L L
Jan-01 Jan-02 Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-09 Jan-lO'Ir:ll Jan-12  Jan-13  Jan-14 Jan-15
Precipitation
Anomaly (mm)
.—100
-50 Myanmar
o o
50 C?
L 100
m/"’l\‘l
961
GLDAS Runoff Anomaly
Dry: March 2005 Wet: September 2011
5 1 a
3
1
1
3
5 &
Jan-01 Jan-02 Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-0% Jan-ﬂ:—ll Jan-12  Jan-13 Jan-14 Jan-15
Runoff
Anomaly (mm)
m
-0.5 Myanmar
0
0.5
1
(g
962

44



GLDAS Soil Moisture Anomaly
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GRACE Water Equivalent Thickness Anomaly
Dry: May 2005 Wet: November 2011
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967  Figure 4 Mekong River Basin Time Series of (a) TRMM Precipitation Anomaly, (b)

968  GLDAS Runoff Anomaly, (c) GLDAS Soil Moisture Anomaly, (d) MODIS ET anomaly and (e)
969  GRACE Water Equivalent Thickness Anomaly and maps for identified wet and dry months
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TRMM Precipitation Anomaly
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GLDAS Runoff Anomaly
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GRACE Water Equivalent Thickness Anomaly
Dry: November 2009 Wet: March 2011
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977  Figure 5 Murray-Darling River Basin Time Series of (a) TRMM Precipitation Anomaly,

978  (b) GLDAS Runoff Anomaly, (c) GLDAS Soil Moisture Anomaly, (d) MODIS ET anomaly and
979  (e) GRACE Water Equivalent Thickness Anomaly and maps for identified wet and dry months
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Figure 6 The spatial standard deviation of precipitation, runoff, ET, soil moisture and total

water (all in mm) for the Amazon and Colorado River Basin
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January 2005 | June 2005
TRMM Precipitation

990

991  Figure 7 Monthly spatial variations of (a) Precipitation, (b) NDVI, and (c) ET (in mm) for
992  the Colorado River basin for January 2005 and June 2005
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994

995  Figure 8 Monthly spatial variations of (a) Precipitation, (b) NDVI, and (c) ET (in mm) for
996  the Amazon River basin for January 2005 and August 2005
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Figure 9 Comparison for the Amazon River basin and the Murray-Darling basin (a)

Monthly rainfall anomaly index and (b) Monthly NDV1 and ET anomaly index
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